ABSTRACT
Nitric oxide (NO •
) is a free radical with multiple and diverse biological functions. It is a common product of enzymic and nonenzymic oxidations of reduced nitrogen compounds and of reductions of nitrogen oxides. In bacteria, the metabolic reduction of inorganic nitrate (NO 3 Ϫ ) or nitrite (NO 2 Ϫ ) is an important source of toxic NO • (1) . In mammals, NO
• is produced by arginine-oxidizing NO • synthases (2) . At low levels, NO
• functions as a membrane-permeable signaling molecule controlling blood pressure and memory (3, 4) . During responses to infection, foreign bodies, or tissue injury, toxic amounts of NO • are produced by an inducible NO • synthase isoform presumably to help kill or inhibit the growth of invading microorganisms or neoplastic tissue (5) .
Given the diverse and abundant sources of NO • , and the prevalence of NO • -sensitive targets (6) , cells would be expected to benefit from defenses that limit damage by NO • and NO • -derived reactive nitrogen species. In principle, these defenses would be analogous to the well-characterized antioxidant systems which protect aerobic organisms from reactive oxygen species. Indeed, several cellular adaptations, and cellular reactions of NO • or NO • -derived species, have been proposed to participate in the overall protection against NO • toxicity in bacteria (5, 7) and mammalian cells (8) . In addition, NO
• reductases have been shown to function in NO • detoxification; however, their expression appears to occur during the anaerobic assimilation and dissimilation of nitrogen from nitrite and nitrate (1, 9, 10) .
Previously, we demonstrated an NO
• sensitivity of the Escherichia coli and the mitochondrial aconitases in cells and in vitro (11) . During the course of investigation, we observed an O 2 -dependent and cyanide-sensitive mechanism for aconitase protection which correlated with the rate of NO • consumption by E. coli (12) . In E. coli, aconitase protection and NO
• consumption was induced in response to NO • exposure, and this increase was dependent upon protein synthesis.
Moreover, this aerobic cyanide-sensitive NO • consumption activity appeared to constitute part of an adaptive defense against NO • toxicity. Thus, we supposed that E. coli mutants containing elevated activity might be selected for resistance to NO • -mediated killing, and furthermore, that they could be used to facilitate the biochemical and genetic characterization of the NO • scavenging activity.
Here, we describe the isolation and characterization of an O 2 -dependent and cyanide-sensitive nitric oxide dioxygenase (NOD) from NO • -resistant E. coli, which is a flavohemoglobin. The identification of NOD with flavohemoglobin is significant because the cellular function of (flavo)hemoglobins in E. coli, yeast, and other organisms has long remained obscure whereas physical, biochemical, and genetic information has been bountiful. But, perhaps more significantly, the remarkable amino acid homology of the respective hemoglobin and flavin domains of flavohemoglobins with hemoglobins and methemoglobin reductases from distantly related animals, plants, protists, helminths, and bacteria (13) (14) (15) (16) suggests that the more primitive role of the well-characterized and ubiquitous O 2 -binding hemoglobins is NO 
MATERIALS AND METHODS
Bacteria Strains, Mutagenesis, and Plasmid Constructs. E. coli strain RB9060 (⌬hmp) and the parent strain YCM10 (17) were generously provided by Alex Ninfa (Univ. of Michigan). Strain AB1157 was from Bruce Demple (Harvard Univ.) and was mutagenized with N-methyl-NЈ-nitro-N-nitrosoguanidine as described (18) . The hmp gene was cloned by using the respective 5Ј and 3Ј PCR oligonucleotide primers 5Ј-CCGAATTCTTGTGCGATAACAGGTCTTGAC-3Ј and 5Ј-AGGGATCCACGCGGCAATTTAAACCGCGTC-3Ј, which contain homology to sequences flanking the hmp coding sequence and operator-promoter region (19) . PCR products were gel purified, digested with EcoRI and BamHI, and ligated in the plasmid vector pAlter (Promega), and plasmids were transformed into JM109 cells.
Bacterial Growth, Harvest and Extract Preparation. Culture growth, gas exposures, and medium preparation was as described (11) . Medium contained 12 g͞ml tetracycline for cells containing plasmids. Cells were harvested, cell-free extracts were prepared in 50 mM potassium phosphate buffer (pH 7.8) containing 0.1 mM EDTA, and extract protein was assayed as described (11) NOD Isolation and Sequencing. Cell-free lysates were prepared from a culture of the E. coli mutant PG118 grown with vigorous aeration in 1 liter of phosphate-buffered LuriaBertani medium. Cells were harvested by centrifugation and lysed in 10 ml of a 50 mM potassium phosphate buffer (pH 7.8) containing 0.1 mM EDTA and 1 mM DTT (buffer A) plus Ϸ0.5 mg of DNase. Extracts were resuspended at 12 mg͞ml protein, and proteins were precipitated with 33% ammonium sulfate on ice and were removed by centrifugation. NOD activity was precipitated from the supernatant with 55% ammonium sulfate, and the ammonium sulfate precipitant was resuspended in buffer A and dialyzed extensively against buffer A. Dialysates (Ϸ100 mg protein) were then diluted in buffer A to 2 mg͞ml and mixed by gentle inversion with 5 ml of FAD-agarose (Sigma) at 4°C overnight. FAD-agarose was loaded on a column and washed extensively with buffer A. FAD binding proteins were eluted with 20 mM FAD in 25 mM potassium phosphate buffer (pH 7.8) containing 50 M EDTA and 1 mM DTT, and the eluate was concentrated with a Millipore ultrafree concentrator. FAD-agarose eluates were fractionated on a Superdex 200 column (Pharmacia͞LKB) in buffer A containing 4 mM 2-mercaptoethanol in place of DTT, and fractions containing activity were pooled and concentrated, and then loaded on a HiTrap Mono Q column (Pharmacia͞LKB), washed with buffer A, eluted with 0.2 M NaCl in buffer A, and concentrated. N-terminal amino acid sequencing by automated Edman degradation was done under contract by Commonwealth Biotechnologies (Norfolk, VA).
Determination of Heme and Flavin. Heme content was assayed by the alkaline pyridine method by using bovine hemin as the standard (21) , and FAD was determined from the fluorescence of boiled flavohemoglobin͞NOD monitored at 520 nm and excited at 460 nm with an FAD standard (22) .
RESULTS

Selection of NO
• -Resistant Mutants. E. coli strain AB1157 was mutagenized with N-methyl-NЈ-nitro-N-nitrosoguanidine and NO • -resistant mutants were selected by plating 2.5 million log phase bacteria on 10-cm Petri dishes containing phosphatebuffered LB agar medium and 50 M phenazine methosulfate and by incubating culture dishes under a constantly replenished atmosphere containing 10% air and 960 ppm NO (Fig. 1B) .
Assay of the NO
• Converting Activity in Cell-Free Extracts. Cell pellets and extracts of mutants exhibited a yellowishbrown hue which correlated with the level of NO • consumption activity. Soluble cell extracts prepared from the overexpressor PG118 also displayed a greater absorption at 427 nm and at Ϸ550 nm than extracts prepared from the parental strain AB1157 (data not shown). The absorption peak at 427 nm was reminiscent of the heme Soret band, and the 550 nm absorption was in the region of the heme ␣͞␤ bands. Thus, PG118 appeared to express more heme or hemoproteins than AB1157. Importantly, the striking yellowish-brown hue and the absorption spectra of mutant extracts suggested that heme, flavin or cofactors with similar spectral properties may be associated with the activity.
Extracts displayed no measureable NO
• converting activity when tested alone and thus appeared to require added cofactors. The requirement of O 2 for NO • consumption by cells (12) suggested the involvement of an oxygenase activity rather than an anaerobic NO • reductase activity (9, 10) . In addition, several flavin and heme-containing enzymes oxygenate nitrogenous compounds, including organic nitroxides in reactions requiring NAD(P)H, O 2 , and flavins (23) . Indeed, an NO • consumption activity was observed in a reaction containing FAD and an NADPH regenerating system (Table 1) . This activity was elevated 58-fold in extracts of PG118 when compared with those from AB1157. This elevation was comparable to the 20-fold increase in NO • consumption observed in the mutant cells (Fig. 1 A) . FAD, O 2 , and NADPH were all essential for the activity, and moreover, the activity was cyanide-sensitive as observed in whole cells (12) . In a reaction catalyzed by the activity in PG118 extracts, NO 3 Ϫ , but not NO 2 Ϫ , was produced (Fig. 2) . These results support a role for an enzymic NOD activity in the mechanism of NO • conversion.
Isolation and Identification of the NOD with Flavohemoglobin. The NOD required 50-100 nM FAD for half-maximal activity and was fully stimulated at 1 M (data not shown), suggesting an affinity of the enzyme for FAD. We utilized this , and PG118 were plated on phosphate-buffered LB agar medium containing phanazine methosulfate (50 M) and were exposed to 960 ppm NO • under an atmosphere of 10% air balanced with N2 or to air at 37°C for 16 h. Cultures were then incubated at 37°C under a normal air atmosphere for 24 h to allow the outgrowth of bacterial colonies. Colonies were counted and percent survival was calculated relative to air exposed controls (n ϭ 2; ϮSD).
property to absorb FAD binding proteins from extracts with FAD-agarose, and compared proteins from the overexpressing mutant PG118 with those from the parental strain AB1157. As shown by the Coomassie blue-stained SDS͞PAGE gel in Fig.  3 , PG118 expressed a unique Ϸ43-kDa protein (compare lanes 5 and 6). This Ϸ43-kDa protein was also more abundant in crude extracts (compare lanes 1 and 2) and in a dialyzed ammonium sulfate fraction (compare lanes 3 and 4) prepared from PG118 when compared with extracts prepared from strain AB1157.
The Ϸ43-kDa FAD-binding protein cofractionated with the NOD activity in a scheme that included affinity elution from FAD-agarose (Table 2 ). Separation of the activity on Superdex 200 and on Mono Q anion exchange resin produced a near homogeneous protein as revealed by SDS͞PAGE gel analysis (Fig. 4A) . The NOD activity eluted with the major protein peak on Superdex 200 gel in fractions significantly beyond the Ϸ66-kDa molecular size marker BSA (Fig. 4B) , indicating that NOD exists as a monomer under these conditions. It should be noted that there was a progressive loss of NOD activity during the fractionation. Nevertheless, the Ϸ43-kDa FAD-binding protein cofractionated with NOD activity, thus suggesting a loss of activity of the Ϸ43-kDa protein rather than the separation from a contaminating activity.
The Mono Q fraction, containing the purified Ϸ43-kDa FAD-binding protein͞NOD, was subjected to N-terminal amino acid sequence analysis. The first 20 cycles of N-terminal sequencing by automated Edman degradation gave the sequence MLDAQTIATVLATIPLLVET. This sequence was used to search for identities to known E. coli proteins and to all translated ORFs in the complete E. coli genome by using the BLAST sequence analysis program provided by the National Center for Biotechnology Information (http:͞͞www.ncbi.nlm. nih.gov͞). Nineteen of the 20 N-terminal amino acids determined showed sequence identity with the N terminus of flavohemoglobin (19) and shared no significant homologies with any other known proteins or translated ORFs. Only the eleventh amino acid disagreed with the flavohemoglobin sequence in which leucine (L) was assigned in place of lysine. This difference may be attributed to an ambiguity in the gas chromatographs for this position.
The isolated E. coli flavohemoglobin is a 43.8-kDa monomer that reportedly contains 0.27-0.42 mol FAD and 0.16-0.22 mol heme per mole protein (22) . Importantly, it should be noted that there was significant deficiency of both heme and FAD in those preparations. We also observed a low heme Soret band absorption as well as a decrease in the yellowishbrown color of the flavohemoglobin during our isolation; we were unable to quantitate the heme or FAD content given the low yields. However, we were able to demonstrate an activity increase with added hemin. Hemin at 1 M maximally stimulated the activity of the isolated NOD, giving 135 U per mg (data not shown). The hemin-stimulated activity, as well as the native activity, was partly inhibited by manganese-containing superoxide dismutase (15-150 g͞ml) indicating a role of O 2 Ϫ ⅐ in the catalytic mechanism. Moreover, we have since been able to stabilize NOD activity and increase the heme content of flavohemoglobin͞NOD preparations by including the ferric
FIG. 2. Formation of NO 3
Ϫ by mutant extracts. NO 3 Ϫ formation in NO • consumption reactions catalyzed by 150 g of PG118 (line 1) or AB1157 (line 2) extract protein was measured in a 10 ml reaction mixture containing 50 mM potassium phosphate buffer (pH 7.8), 0.1 mM EDTA, 0.2 mM NADP ϩ , 2.5 mM glucose-6-phosphate, 0.5 unit͞ml glucose-6-phosphate dehydrogenase, 1 M FAD, and 10 g͞ml bovine erythrocyte copper and zinc-containing superoxide dismutase. Superoxide dismutase was included to inhibit NO 2 Ϫ and NO 3 Ϫ formation by the O 2 . -dependent oxidation of NO • . The reaction was equilibrated with an atmosphere containing 480 ppm NO • in 10% air balanced with N2 by vigorous shaking in a gyrorotatory water bath at 37°C. NO 2 Ϫ formation with PG118 (line 3) and AB1157 (line 4) extracts was also assayed. Extract-catalyzed NO 3 Ϫ and NO 2 Ϫ formation were calculated by subtracting the amount of extract-independent NO 3 Ϫ and NO 2 Ϫ formation. The amount of PG118 and AB1157 extract added was sufficient to catalyze the conversion of 47 and 0.3 M NO • per min in the standard NO • consumption assay, respectively. Error bars represent SD where n ϭ 3. Cell-free extracts were prepared from log phase aerobic cultures grown in phosphate-buffered LB medium and were assayed with and without additions under standard conditions as described. FIG. 3 . Identification of a unique FAD-binding protein in cell-free extracts of the NO • -resistant mutant PG118. Cell-free extracts at 25 g (lanes 1 and 2) , dialyzed 33-55% ammonium sulfate fractions at 25 g (lanes 3 and 4) , and proteins eluted from FAD-agarose (lanes 5 and 6) were separated on 8-16% SDS͞PAGE and stained with Coomassie blue. Samples from AB1157 were separated in lanes 1, 3, and 5, and the corresponding PG118 samples were in lanes 2, 4, and 6. FADagarose (0.1 ml) was boiled in SDS sample buffer following an overnight incubation with an equal volume of buffer A containing 2 mg protein from the ammonium sulfate fractions and following extensive washing. One-twentieth of the total amount eluted was loaded on the gel. heme ligand azide (10 mM) during gel filtration. Azide stabilized preparations contained 0.10 mol heme and 0.01 mol FAD per mole protein, and had a specific activity of 14.1 units͞mg protein in the standard NOD assay containing added FAD. Thus, by the criteria of amino acid sequence identity, molecular weight, and cofactor requirements, the isolated NOD activity is flavohemoglobin.
To verify that flavohemoglobin͞NOD catalyzed NO • consumption by cells, and that NOD was an enzymic function of flavohemoglobin, we measured NO consumption activities of the hmp deletion mutant (RB9060), its parent (YMC10), the flavohemoglobin overexpressor strain JM109 containing hmp in the multi-copy plasmid vector pAlter (ϩ hmp), and its control strain containing pAlter only (JM109) were measured during growth in air (open bars) or following a 60-min exposure to 960 ppm NO • balanced with N2 and 21% O2 (filled bars). Strains YMC10 (lines 1 and 2) and RB9060 (lines 3 and 4) were grown continuously under air (B) or N2 (C), or were exposed after 60 min (lines 2 and 4) to 960 ppm NO • balanced with N2 and 21% O2 (B) or to 240 ppm NO • balanced with N2 (C). Growth was monitored at 550 nm. Aerobic and anaerobic cultures were initiated in phosphate-buffered LB medium with 2% inocula from overnight aereobic cultures and with 4% inocula from static overnight anoxic cultures, respectively. Glucose (20 mM) was added for anaerobic growth. Cells were treated at an A550 ϭ 0.3 for measurements of NO • consumption activity. Error bars represent the SD of three measurements.
Biochemistry: Gardner et al.
Proc. Natl. Acad. Sci. USA 95 (1998) 10381 plus hmp, grown under air as described in the legend to Fig. 5A , contained comparable aerobic aconitase activity levels and percent active. The respective aerobic and percent active aconitase for the control and the overexpressor were 165 Ϯ 30 and 166 Ϯ 26 mU͞mg protein (n ϭ 3; ϮSD); and 88 Ϯ 2% and 85 Ϯ 5% (n ϭ 3; ϮSD). Thus, the mechanism of flavohemoglobin-catalyzed decomposition of NO • does not depend upon the oxidase activity of flavohemoglobin and free O 2 . .
Importantly, aerobic growth of flavohemoglobin-deficient RB9060 strain was more sensitive to NO • inhibition than the parental strain (Fig. 5B, compare lines 2 and 4) , and the protection afforded by flavohemoglobin appeared greater during growth with O 2 than in its absence (Fig. 5C, compare  lines 2 and 4) . Thus, cells containing flavohemoglobin conferred resistance to higher NO • levels aerobically than anaerobically. The results further demonstrate a defensive role of flavohemoglobin in the protection against NO • toxicity and support the proposed NOD function of flavohemoglobin. The ability of flavohemoglobin to protect anaerobic growth suggests additional protective mechanisms.
DISCUSSION
Scheme 1 delineates the proposed reaction sequence for flavohemoglobin-catalyzed NO • dioxygenation which incorporates the NADPH, FAD, and O 2 -dependence, the cyanide sensitivity (Table 1) , the formation of NO 3 Ϫ (Fig. 2) , and the extensive structural and biochemical information for the (flavo)hemoglobin family. FAD is proposed to function as the electron carrier from NAD(P)H to the ferric heme prosthetic group. In the homologous Alcaligenes flavohemoglobin the isoalloxazine ring of FAD and the heme propionic group are bridged by highly conserved amino acids and a water molecule that are thought to act as an electron conduit (26) . Spectroscopic studies of the E. coli flavohemoglobin also support an electronic linkage of flavin and heme in which NAD(P)H reduces FAD to the leukoflavin (Eq. 1), and the FAD hydroquinone and semiquinone then univalently and sequentially reduce the heme-Fe 3ϩ (Eq. 2) (27) may facilitate an oxygen bond rearrangement by participating in a ironmediated oxygen bond shift analogous to the proton-mediated shift suggested for the nonenzymic mechanism for HOONO decomposition to NO 3 Ϫ . Importantly, however, the NODcatalyzed mechanism would be more advantageous for NO • detoxification because its rate would not be dependent on high concentrations of toxic O 2 . nor would NOD release the toxic intermediates HOONO and HO • . Flavohemoglobins belong to a family of evolutionarily related proteins which includes the well-known O 2 -carrying red blood cell hemoglobins and associated flavin-containing methemoglobin reductases (13, 14) . The bacterial Alcaligenes flavohemoglobin has a flavin and NAD(P)H-binding reductase domain and a hemin-binding hemoglobin domain with a high degree of structural homology to the mammalian hemoglobin and methemoglobin (cytochrome b5) reductase (26) . Moreover, it has been repeatedly suggested that (flavo)hemoglobins may have a common ancestral function; however, that function has remained enigmatic. In this regard, Keilin (36) pointed out long ago that it was unlikely that the microbial hemoglobins participated in O 2 transport or storage because there are no diffusion limits for O 2 delivery to unicellular organisms nor are their levels of hemoglobin sufficient for significant O 2 storage.
Numerous observations have since led to different hypotheses regarding the function of the bacterial and fungal (flavo)hemoglobins and plant (leg)hemoglobins. These proposals have included O 2 sensing (28, 37) scavenging or delivery (15) , ferrisiderophore reduction (38) , heme sequestration (39), protection against reactive oxygen species (40), and NO • reduction (41) . Here, we have demonstrated a function for the E. coli flavohemoglobin in the catalysis of NO • dioxygenation that may clarify some observations and provide new insights. For example, it may explain the recent demonstration of a sensitivity of flavohemoglobin (hmp) mutants of Salmonella typhimurium to nitrous acid or S-nitrosoglutathione during aerobic growth conditions (42) much as E. coli hmp mutants were protected from authentic NO • (Fig. 5B) . The induction of transcription of the E. coli hmp gene (43) , as well as the NOD activity ( Fig. 5A and ref. 12 • detoxification function may also explain the ability of exogenously added oxyleghemoglobin to increase respiration in Rhizobia (49) because NO • is a potent inhibitor of terminal respiratory oxidases (6) . The proposed NOD function of flavohemoglobins does not, however, explain the anaerobic protection afforded against NO • donors in S. typhimurium (42) or NO
• gas in E. coli (Fig. 5C ), or the function of elevated flavohemoglobin͞NOD expression in anaerobic E. coli during NO 3 Ϫ or Estimates from amino acid divergence place the origin of the primeval hemoglobin molecule at Ϸ1.8 billion years ago (13, 14) . This age coincides well with the estimated origin of the oxygenic blue-green algae (2.3 billion years) and free O 2 in the atmosphere (Ϸ1.8 billion years) (50) . The evolution of hemoglobin͞NOD with O 2 makes sense because NOD requires O 2 and because toxic NO • is produced via the O 2 -dependent oxidation or combustion of reduced nitrogen compounds. Finally, it is worth noting that the well-studied hemoglobins and myoglobins may not be the only O 2 transport͞storage proteins to have evolved from a dioxygenase function; the unrelated abalone ''myoglobins'' apparently formed from indolamine 2,3-dioxygenase (51) .
